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I. INTRODUCTION
Recently, the coupling between electromagnetic fields and oscillations of the free electron gas at a metal-dielectric interface has attracted renewed interest [1] . In particular, modern nanofabrication techniques such as electron beam lithography and focused ion beam milling have opened up the possibility to study and exploit surface plasmon polaritons in integrated geometries.
Such systems have strong potential for applications in diverse research fields such as bio-sensing [2] , graphene plasmonics [3] , photovoltaics [4] , nonlinear [5] and quantum optics [6] . Most recently, great progress has been made combining quantum emitters like molecules [7] , colloidal quantum dots [8] or nitrogen-vacancy centers [9] with chemically synthesized nano-plasmonic structures. However, the desirable combination of such on-chip quantum light sources [10] with more sophisticated components such as plasmonic beam splitters and interferometers [11] or even integrated detectors [12] , essentially forming an integrated plasmonic circuit, calls for an increased flexibility in designing and fabricating high-quality, sub-wavelength plasmonic structures [13] .
Although, lithographically defined metallic nanostructures suffer from enhanced losses due to the polycrystalline nature of the metal [14] , great advances have been reported by improving the optical properties of thermally evaporated metal via annealing [15] or using monocrystalline metal flakes in combination with focused ion beam milling [16] . A fully-integrated future plasmonic circuit ultimately requires on-chip light sources and, thus, the combination with semiconducting substrates promises the utilization of high-quality quantum emitters with excellent optical properties [17] .
In this paper we present optical studies of lithographically defined plasmonic nanostructures on active GaAs substrates that contain near-surface self-assembled InGaAs/GaAs quantum dots [18] .
For plasmonic waveguides [19] and beamsplitters, we demonstrate that the quantum dots can be used to image the propagating surface plasmon polariton modes [20] via their far-field emission, similar to well established fluorescence molecule imaging [21] . For waveguides we obtain evidence that different guided plasmonic modes [22] are supported with increasing waveguide width, each mode having a unique propagation length. Our findings are supported by finite difference time domain and mode profile simulations. Moreover, we apply our method to study plasmonic beamsplitters consisting of two adjacent waveguides with a width of = 1 and separated by a = 220 gap over an interaction length . We demonstrate that a common interaction length = 9 ± 1 between the two parallel waveguides is required to obtain an intensity splitting ratio / close to 50:50 between the two output ports ( and ) of the beamsplitter.
II. SAMPLES AND EXPERIMENT
The samples studied were grown by solid source molecular beam epitaxy on a semi-insulating,
[100] oriented GaAs substrate. Two samples (S1 and S2) were grown and nominally consisted of the following layer sequence; a 300 GaAs buffer layer followed by a single layer of 1− quantum dots with a nominal indium content = 0.5 grown at 560 ° with a rate of 0.125 Å/ . These growth conditions resulted in an average quantum dot density estimated to be ∼ 140 ± 10 −2 for both samples. The samples were completed by overgrowing the quantum dot layer with a GaAs capping layer of , 1 = 120 for S1 ( , 2 = 25 for S2), to make them optically active. By using optical lithography and wet chemical etching using a citric acid solution ( 6 8 7 / 2 0 = 1 in 100 ), we sequentially etched a series of steps into the GaAs capping layer [20] . This enabled us to control the distance between the quantum dot layer and the surface of the sample with a precision ≤ 4 , whilst maintaining a relatively smooth surface (RMS roughness ≤ 2 -for details see supplementary material). Repeating this procedure, we obtain a staircase like sample as depicted schematically in Figure 1 (a). In total, ten different dot-surface separations ranging from = 120 ± 1 to 7 ± 4 were defined using this method on a single sample. Subsequently, electron beam lithography and lift-off processes were used to define rectangular gold (Au)-waveguides with widths = 1 − 5 and lengths = 10 − 45 on each step. The Au-waveguides were deposited using thermal evaporation and consisted of a nominally = 0.1 thick Au-layer [19] . In Figure 1 propagating surface plasmon polariton modes. Depending on the width of the waveguides we obtain surface plasmon polariton propagation lengths = 10 − 40 , comparable to similar structures defined on unetched GaAs substrates [19] .
The optical studies were performed using a low-temperature confocal microscope that provides diffraction limited performance with spot sizes ≤ 1 and control of the polarization in both we also used a highly sensitive, Peltier-cooled CCD camera in combination with 900 long pass filters to directly image the sample surface via the spectrally integrated quantum dot luminescence.
III. RESULTS AND DISCUSSION
In Figure 1 (c) we present a series of micro-photoluminescence spectra recorded on quantum dots spatially displaced from the plasmonic nanostructures, , with different dot-surface separations ranging from = 120 ± 1 (upper spectrum, purple) to 7 ± 4 (lower spectrum, black). For these measurements we used a non-resonant laser excitation at = 1.959 and an excitation power density ∼ 10 / ². We observe a 60% decrease of the spectrally integrated quantum dot luminescence signal after the initial etching step as reduces from 120 ± 1 to 57 ± 1 , shown by the black symbols in Figure 1 are observed for all dot-surface separations, as shown in Figure 1 (e) for = 120 ± 1 and = 7 ± 4 in black and blue, respectively. We conclude that although the quantum dot signal is partially quenched for reduced dot-surface separations and non-radiative processes become progressively more important for ≤ 10
[23], we observe measureable emission which can be used to probe the coupling of the quantum dots to near-surface plasmonic nanostructures.
We continue by performing luminescence spectroscopy on the plasmonic waveguides, whereby we optically excite via the square aperture and detect the resulting emission from the quantum dots surrounding the Au-waveguide. A typical spatially resolved image of the spectrally integrated quantum dot luminescence recorded around a = 3 wide plasmonic waveguide ( = 27 ± 2 ) is presented in Figure 2 (a). We observe bright luminescence surrounding the plasmonic waveguide (dashed red line in Figure 2 (a)) that decays rapidly over lengthscales < 1 , clearly indicating the strongly confined plasmonic field in the immediate vicinity of the waveguide. We interpret the quantum dot emission as arising from quantum dots that are locally excited by free charge carriers generated by the propagating surface plasmon polaritons close to the GaAs substrate. This proposed plasmon-mediated quantum dot excitation scheme is schematically Polarization-resolved micro-photoluminescence spectra for = 0° (black) and = 90° (red).
(Inset) Corresponding polar plot for plasmon-excited (orange) and bulk (blue) quantum dots.
In order to unambiguously associate the observed luminescence to proximal quantum dots excited via propagating plasmons, we probed the spectrum of the emission from the remote end of the plasmonic waveguide (dashed white circle in Figure 2 (a) ) as a function of the excitation polarization as defined in Figure 2 (b) . The quantum dot emission spectra are plotted in Figure 2 (c) for excitation polarization angles = 0° and = 90° in black and red, respectively. The observed spectra resemble typical quantum dot luminescence as recorded on the unpatterned region of the sample (c.f. Figure 1 (c) ), giving rise to a broadband intensity distribution (Δ = 45 ± 2 ), decorated by sharp emission lines.
We observe a ∼ 2 × stronger quantum dot emission from the waveguide end for a parallel ( = 0°) compared to a perpendicular ( = 90°) orientation of the excitation polarization as expected from the transverse magnetic character of the propagating surface plasmon polaritons [1] . The inset of Figure 2 (c) compares the integrated quantum dot photoluminescence intensity as a function of for plasmon-mediated excitation (orange) and confocal excitation (blue). For quantum dots excited via the surface plasmon polaritons, we obtain a degree of polarization = − + = 50 ± 2 %. In contrast, the signal from the reference quantum dots using confocal spectroscopy is almost entirely unpolarized ( = 15 ± 2 %).
Further evidence for the plasmon-mediated generation of electron-hole pairs near the waveguide edges is given by the observation that this near-waveguide luminescence does not depend on and, therefore, is not related to plasmonic near-field excitation of quantum dots (for details see supplementary material). Those observations unambiguously identify the emission surrounding the plasmonic waveguide as arising from quantum dots that are optically excited via propagating surface plasmon polaritons [19] .
The plasmon-mediated excitation of proximal quantum dots can be used to image propagating surface plasmon polaritons via their emission into the far-field [21] . Hereby, we imaged the spectrally integrated quantum dot emission from the waveguide end for different and . respectively. In strong contrast, wider waveguides having = 4 (green curve) and = 5 (purple curve) clearly exhibit two and three maxima, respectively, which are attributed to higher order plasmonic modes [22] [24] . In order to support this hypothesis, we performed mode profile simulations [25] of the plasmonic modes generated at the Au-air interface for = 1 , Moreover, we obtain also good agreement for the spatial position of the mode maxima as shown by the simulation data, presented as the dashed curves in Figure 3 (b) for = 1 µ (black curve), 4 (green curve) and 5 (purple curve). We note here that we observe in our experiments a superposition of several modes for wider waveguides ( > 3 ), resulting in a reduced contrast between adjacent maxima and minima as compared to the simulation of the individual modes (dashed curves in Figure 3 (b) ). This assertion is further supported by photoluminescence experiments performed on = 5 waveguides exhibiting different lengths which clearly show that the number of maxima observed at the waveguide 1 The deviation between the actual waveguide width , = 1 extracted from scanning electron microscopy images and the measured mode confinement arises from the convolution with the limited detection resolution in those non-confocal CCD camera measurements.
terminations and, thus, the number modes reduces with increasing due to the smaller propagation length of the higher order modes (for experimental data see supplementary material) [24] . Our experimental findings are in agreement with near-field optical studies on similar metallic waveguides using photon scanning tunneling spectroscopy [22] [24].
Figure 4 -(a) Simulation of the plasmonic mode profile as a function of propagation distance. (b)
Ratio / as a function of for gap sizes = 100 to 500 .
To further emphasize the imaging capability of our hybrid system, we realized a plasmonic beamsplitter 2 using two coplanar Au-waveguides separated by a gap along a well-defined interaction length [26] . A typical scanning electron microscopy image of such a structure is shown in panel (ii) of Figure 1 (b). We present in Figure 4 We clearly observe the waveguides as dark regions, whilst the outline of the structures can be visualized in Figure 5 (a) via the quantum dot luminescence. In Figure 5 (b), we present cross sections of the quantum dot intensity at the remote end of the plasmonic beamsplitters along the lines AB (c.f. dashed lines in Figure 5 (a)) for = 2 (lower curve) to = 10 (upper curve). Two maxima corresponding to the beamsplitter output ports are clearly seen in Figure 5 (b). We observe that a larger fraction of the intensity is detected via the exit for = 2 (c.f. Our results demonstrate the potential of the proposed plasmonic beamsplitter approach and show that the combination with near-surface quantum dots exhibits a powerful tool for surface plasmon imaging. However, we note that the limited for such plasmonic beamsplitters results in high / -ratios of > 3 for realistic fabrication parameters such as = 1 and = 220 .
Such high / -ratios indicate that the minimum interaction length , = /2 to obtain a splitting ratios / = 50: 50 is much longer than the typical [19] , limiting the potential of this beamsplitter design in its current form for real-world applications. However, we believe that such directional couplers could be further improved by employing chemically synthesized monocrystalline metal flakes [16] or epitaxially grown films [27] in combination with slightly varied plasmonic structures such as for example dielectric-loaded surface plasmon polariton waveguides [28] . The latter has recently been used to demonstrate unambiguous signature of twoplasmon quantum interference [29] .
IV. SUMMARY AND CONCLUSIONS
In conclusion, we designed and fabricated an optically active semiconductor chip with well- 
